Major depressive disorder is often linked to stress. Although short-term stress is without effect in mice, prolonged stress leads to depressive-like behavior, indicating that an allostatic mechanism exists in this difference. Here we demonstrate that mice after short-term (1 h per day for 7 days) chronic restraint stress (CRS), do not display depressive-like behavior. Analysis of the hippocampus of these mice showed increased levels of neurotrophic factor-α1 (NF-α1; also known as carboxypeptidase E, CPE), concomitant with enhanced fibroblast growth factor 2 (FGF2) expression, and an increase in neurogenesis in the dentate gyrus. In contrast, after prolonged (6 h per day for 21 days) CRS, mice show decreased hippocampal NF-α1 and FGF2 levels and depressive-like responses. In NF-α1-knockout mice, hippocampal FGF2 levels and neurogenesis are reduced. These mice exhibit depressive-like behavior that is reversed by FGF2 administration. Indeed, studies in cultured hippocampal neurons reveal that NF-α1 treatment directly upregulates FGF2 expression through extracellular signal-regulated kinase-Sp1 signaling. Thus, during short-term CRS, hippocampal NF-α1 expression is upregulated and has a key role in preventing the onset of depressive-like behavior through enhanced FGF2-mediated neurogenesis. To evaluate the therapeutic potential of this pathway, we examined, rosiglitazone (Rosi), a PPARγ agonist, which has been shown to have antidepressant activity in rodents and humans. Rosi upregulates FGF2 expression in a NF-α1-dependent manner in hippocampal neurons. Mice fed Rosi show increased hippocampal NF-α1 levels and neurogenesis compared with controls, thereby indicating the antidepressant action of this drug. Development of drugs that activate the NF-α1/FGF2/neurogenesis pathway can offer a new approach to depression therapy.
INTRODUCTION
Major depressive disorder (MDD) is one of the most common neuropsychiatric illnesses in the United States and its development has often been linked to stressful conditions. 1 MDD is a complex condition with different etiologies and the molecular and cellular basis for this disorder is far from being understood. Studies have long indicated the roles of norepinephrine, dopamine and serotonin in the pathogenesis of depression. 2, 3 More recently, neurotrophic and other growth factors, which can directly promote neurogenesis in the hippocampus, have been found to have a role in ameliorating depression. [4] [5] [6] In our present study, we focused on the role of neurotrophic and growth factors in preventing stress-induced depression.
Numerous studies have linked stress as a precipitating factor for depression in humans 1 and animals. 7 Interestingly, chronic restraint stress (CRS) administered over 7 or 21 days in mice enhances plasma corticosterone to similar levels in both treatment paradigms, but only the prolonged stressed mice display depressivelike behavior. 8 These results indicate that an allostasis mechanism exists to prevent depression onset during the short-term CRS, despite the increase in corticosterone levels. However, such a mechanism has not been previously described.
Stress causes the release of glucocorticoids and has long been known to affect hippocampal morphology and function. 9 The hippocampus contains high levels of glucocorticoid receptors, and hormones, including glucocorticoids that are secreted in response to stress. This hormone negatively influences neurogenesis and promotes apoptosis in this brain region. 10 Interestingly, antidepressant drugs can reverse these effects in animal models. 11 In depressed patients, imaging studies have revealed that the volume of the hippocampus, basal ganglia and frontal lobes are smaller than those in normal subjects. 12 Other investigators have reported that hippocampal gray matter is reduced in depressed patients and that it is increased after antidepressant treatment. 13 In addition, stem cell and neuroprogenitor cell proliferation in the hippocampus have been shown to be influenced by antidepressant drugs. 14, 15 These studies all suggest that depression is linked to a decrease in hippocampal cell proliferation and neurogenesis. Moreover, monoamine/serotonin-based antidepressants can reverse these processes, demonstrating that these neurotransmitter systems are involved. 11, 14 Stress-induced secretion of glucocorticoids has been shown to decrease serotonin levels as well as neurogenesis in the dentate gyrus. Whether serotonin is directly responsible for the attenuation of neurogenesis remains controversial (for review, see Djavadian 16 ). Serotonin may act through different pathways to possibly stimulate secretion of neurotrophic factors such as brainderived neurotrophic factor (BDNF), which then enhances neurogenesis. Indeed, numerous studies have suggested that neurotrophins have a role in MDD (for review, see Jiang and Salton 4 ). Furthermore, work in animal models has demonstrated that stress can reduce the levels of BDNF, which may negatively influence hippocampal neurogenesis, leading to depressive-like responses. 7 In addition, treatment with antidepressants increases BDNF levels in depressed patients. 17 However, other studies including reports that conditional forebrain knockout (KO) of BDNF or its receptor in mice do not result in depressive-like behaviors suggest that BDNF, while being involved in mediating antidepressive activity, may not be a key modifier of these responses. 5 Another growth factor, fibroblast growth factor 2 (FGF2), has also been correlated with MDD. 18 FGF2 is downregulated in MDD postmortem frontal cortex compared with normal controls. 6 In rats, repeated social defeat stress reduces the expression of FGF2 in the hippocampus and it precipitates depressive-like behavior, which can be rescued by intracerebral administration of FGF2. 19 In the chronic unpredictable stress model, peripheral administration of FGF2 restores FGF receptor 1 expression in the hippocampus and it ameliorates depressive-like behavior. 20 Similarly, local infusion of FGF2 into the frontal cortex of chronic unpredictable stress mice normalizes depressive-like behaviors and restores oligodendrocyte proliferation. In addition, FGF2 treatment has been reported to increase neurogenesis, survival and proliferation of neurons and astrocytes in the dentate gyrus of the hippocampus. 18 Collectively, these studies indicate that FGF2 possesses endogenous antidepressant activity and that it can modulate neurogenesis in the hippocampus and glial proliferation in the frontal cortex. 6 Recently, neurotrophic factor-α1 (NF-α1), 21 first known as carboxypeptidase E (CPE), a prohormone-processing enzyme, 22, 23 has been shown to be involved in depressive-like behavior in Cpe fat/fat mice, which carry a point mutation in the Cpe gene. 24 However, the mechanism of action of NF-α1 in antidepression is unknown. NF-α1/CPE is highly expressed in the CA1-3 regions of the hippocampus where it can have a neuroprotective role in vivo in mice under stress. 25, 26 Ex vivo studies have shown that it promotes hippocampal neuronal cell survival, independent of its protease activity. 21 In this study, we have investigated the role of NF-α1 in the hippocampus in preventing the onset of depressive-like behavior in mice after short-term chronic stress to maintain allostasis. We analyzed the expression of NF-α1 and its effect on FGF2 biosynthesis, as well as on neurogenesis in the hippocampus of mice subjected to short-term CRS (1 h per day for 7 days), which does not result in depressive-like behavior, and after prolonged CRS (6 h per day for 21 days), which does result in depressive-like behavior, as reported in the literature. 8 Furthermore, we examined the effect of genetic deletion of NF-α1/CPE on depressive-like behavior, hippocampal FGF2 expression and neurogenesis. Our study identified NF-α1 as a key modifier during short-term CRS that enhanced FGF2 expression and neurogenesis in the hippocampus to prevent the onset of depressive-like behavior and maintain allostasis. In addition, as current treatment strategies for MDD use primarily monoamine-based antidepressants such as selective serotonin reuptake inhibitors or serotonin-, norepinephrine-and dopamine-enhancing drugs, which are not always effective, 27 we explored the possibility that a drug that might activate this hippocampal NF-α1/FGF2/neurogenesis pathway could offer an alternative treatment approach. To this end, we found that the antidiabetic drug, rosiglitazone (Rosi) that has been reported to possess antidepressant activity in rodents and humans 28, 29 activated this pathway.
MATERIALS AND METHODS Animals
Male C57BL/6 mice were obtained from Taconic (Hudson, NY, USA), Jackson Laboratory (Bar Harbor, ME, USA) or a colony maintained by the NIA under contractual agreement with Harlan Sprague Dawley (Indianapolis, IN, USA). NF-α1/CPE KO mice and their wild-type (WT) and heterozygous (HET) littermates were raised in the NIH animal facility. All animals were given food and water ad libitum in a humidity and temperature controlled room on a 12 h (NIH, University of Toledo) or 14:10 h (Duke) light:dark cycle. Animal procedures were approved by the respective Animal Care and Use Committees of NICHD, NIH, Duke University, and University of Toledo.
Restraint stress paradigm
All mice (10-12 weeks old) were individually housed during the course of the study (restraint and controls). Restraint was from 0900-1000 h (short term) or 0900-1500 h each day (long term). The short-term chronic restraint stress paradigm 1 h per day for 7 days was performed exactly as described previously. 30 These durations of restraint were considered sufficient based on reported increases in plasma corticosterone levels after short-term (1 h per day) restrained compared with non-restrained mice. 31 Therefore, in the short-term stress condition, it was more humane not to subject mice to a higher intensity of stress, for example, 6 h per day for 7 days, which also does not produce depressive-like behavior, but the mice exhibit chronic stress parameters. 8 For long-term chronic stress, we used a paradigm of restraint for 6 h per day exactly as described for 21 days that has been reported to produce depressive-like responses. 8 
Sucrose preference test
The test was conducted in the home cage where mice were housed individually for 7 days before and throughout the study as described in Willner et al. 32 with modifications. Before beginning the testing, mice were habituated to the presence of two calibrated drinking bottles containing sterile water for 5 days. Following this acclimation, mice had the free choice of either drinking 1% sucrose solution or sterile water for a period of 4 days. The volume of water and sucrose solution intake was measured daily, and the positions of two bottles were switched daily to reduce any confounding issues produced by side bias. Sucrose preference was calculated as a percentage of the volume of sucrose intake over the total volume of fluid intake and averaged over the 4 days of testing.
Forced swim test
This procedure was conducted at the Duke University (C57BL/6 WT and CPE/NF-α1-KO mice) and at the NIH animal facility (WT and CPE/NF-α1-HET mice). After restraint stress, testing was done~18 h following the end of restraint. Immediately after testing, brain tissues were removed and stored at − 80°C until processed. For the FGF2 rescue experiments, mice (9-10 weeks old) were treated for 30 consecutive days with vehicle (PBS) or 5 ng g − 1 (s.c.) 17 kD recombinant FGF2 (R&D Systems, Minneapolis, MN, USA). On the day of testing, mice received their daily injection of vehicle or FGF2 30 min before the test. The forced swim test was conducted at 1300-1600 h with modification in the scoring time as described in Fukui et al. 33 Videos from forced swim tests were scored with automated behavioral recognition systems and time spent immobile was validated for each automated scoring method using the Noldus Observer XT (Noldus Information Technologies, Leesburg, VA, USA). For WT and NF-α1-KO mice given daily administration of FGF2, time immobile was scored using Cleversys Forced Swim Scan (Cleversys, Reston, VA, USA). For restraint studies, time spent immobile was scored with Noldus Ethovision 10 (Noldus Information Technologies). For the HET mice tested at NIH, immobility was recorded manually over the last 4 min of the 6-min test.
Treatment of mice with Rosi
These experiments were conducted at the University of Toledo animal facility. Four animals (20 weeks old) were fed 5 g of food per day per animal with pelleted chow (F05072, Bio-Serv, Frenchtown, NJ, USA) supplemented with Rosi maleate (Avandia, GlaxoSmithKline, King of NF-α1 prevents depression during stress Y Cheng et al Prussia, PA, USA) at a concentration of 0.14 mg g − 1 of chow. The control group was fed the same amount of non-supplemented chow. Animals were fed for 21 days. The dose of Rosi calculated at the end of the experiment was 20 mg kg − 1 body weight per day. The mice were killed and the brains removed, rapidly frozen and stored at − 80°C for future analysis.
Preparation of hippocampal neurons and treatment with NF-α1 and other agents
Hippocampal neuronal cultures were prepared as described previously. 21 The neurons were treated with recombinant NF-α1/CPE (0.4 μM) 21 and various reagents: 2 μM GEMSA (Sigma, St. Louis, MO, USA), 5 μM extracellular signal-regulated kinase (ERK) inhibitor (U0126), 10 μM Akt inhibitor (LY294002) (Cell Signaling, Danvers, MA, USA), 0.5 μM Mithramycin A (Mit A, Sigma), 1 μM Rosi (Cayman, Ann Arbor, MI, USA), 30 nM NF-α1 siRNA or scrambled siRNA oligos (Invitrogen, Carlsbad, CA, USA) or vehicle, for various times (see text and legend) and then harvested for protein or RNA extraction. In secretion experiments, media from 1 × 10 6 hippocampal neurons grown in 1 ml of culture medium was collected, centrifuged for 15 min at 12 000 g to remove cell debris and the supernatant analyzed by western blot.
Assay of mRNA expression by quantitative RT-PCR
Total RNA was extracted from hippocampus or primary cultures of hippocampal neurons and prepared for quantitative reverse transcriptase-PCR as described, 21 using 100 nM (18 S rRNA) or 300 nM (FGF, DCX) primers. The cycling conditions were: 10 min denaturation at 95°C and 40 cycles of DNA synthesis at 95°C for 15 s and 60°C for 1 min. Primer sequences for FGF1 forward: 5′-CAGAGGACGCTGGATAGGAG-3′, reverse: 5′-TCCACTGT CACATCCCTCAA-3′; for FGF2 forward: 5′-CACTTACCGGTCACGGAAAT-3′, reverse: 5′-CCGTTTTGGATCCGAGTTTA-3′; for Doublecortin (DCX) forward: 5′-GGCCAAACTGGTGTGAGATT-3′, reverse: 5′-CCCCAGGTATGCCAGATAGA-3′; for 18 S forward: 5′-CTCTTAGCTGAGTGTCCCGC-3′, reverse: 5′-CTGATCGTC TTCGAACCTCC-3′.
Western blot
Protein lysates of whole hippocampal tissue or neurons in culture were prepared by homogenizing the tissue or primary cultured hippocampal neurons in T-protein extraction reagent (Pierce, Rockford, IL, USA) supplemented with 1 × Complete Inhibitor Cocktail (Roche ) and centrifuged. Lysates and secretion media collected from cultured hippocampal neurons were analyzed by western blot exactly as described previously. 30 Protein (30 μg, from lysates) or 20 μl of medium suspended in 30 μl of SDS gel sample buffer was denatured at 70°C for 10 min and run on 4-12% SDS-polyacrylamide gel electrophoresis gels and transferred onto nitrocellulose membrane (Millipore, Billerica, MA, USA), according to the standard protocol. After blocking with 5% nonfat milk at room temperature for 1 h, the membrane was incubated with primary antibodies overnight. After washing, the membrane was incubated with fluorescentconjugated anti-mouse or rabbit antibodies, visualized by the Odyssey infrared imaging system (LI-COR, Lincoln, NE, USA) and the bands were quantified by the Odyssey software, version 2.1. The protein expression level for each sample (for lysates) was normalized to β-actin. Monoclonal mouse anti-CPE antibody was from BD Biosciences (San Jose, CA, USA). Polyclonal rabbit anti-FGF2 antibody (directed against the C-terminus aa188-210, 1:3,000) was from Abcam (Cambridge, MA, USA). Monoclonal mouse anti-β-actin antibody (1:10,000) was from Cell Signaling.
Immunohistochemistry
For FGF2 immunostaining, brain sections were prepared as described. 34 The brains of 12 NF-α1-KO mice and 12 WT littermates at 6, 14 and 30 weeks of age (two male and two female mice of each genotype, sex and age) were dissected from perfused mice and embedded (24 mouse brains per block) in a gelatin matrix using MultiBrain Technology (NeuroScience Associates, Knoxville, TN, USA). The MultiBrain block was sectioned in the coronal plane at 35 μm on an AO 860 sliding microtome. Every eighth free-floating section was used for FGF2 immunohistochemistry and was stained as described, 34 using a rabbit anti-FGF2 antibody (1:1500 dilution, LifeSpan Biosciences, Seattle, WA, USA). For DCX staining, 35 μm brain sections from perfused FGF2-treated or naïve WT and CPE-KO mice were cut under contract by NeuroScience Associates. The sections were then stained for DCX using polyclonal rabbit anti-doublecortin (1:2000, Cell Signaling) followed by Alexa Fluor 594 goat anti-rabbit secondary antibody (Invitrogen). Every 10th freefloating section was used for DCX immunostaining.
Quantification of FGF2 and DCX immunoreactivity
For FGF2 quantification, images covering the whole hippocampal area were captured by a Nikon fluorescent microscope (eclipse 80i) with a mounted digital camera and analyzed using Image J software. Low magnification (×4) images were used to quantify the FGF2 by tracing the area of staining, whereas the high magnification (×20) images were used for mean pixel intensity quantification using three equal randomly chosen squared areas (100 × 100 pixel or 31.4 × 31.4 μm) and averaged. For DCX immunopositive cell counting, images covering the dentate gyrus were captured by a confocal microscope (Zeiss LSM 510 Inverted Meta) with × 20 magnification. DCX-positive cells in the subgranular zone (SGZ) were counted in sections through the whole hippocampal formation of each mouse and averaged. Four mice were analyzed for each group.
Statistical analysis
All data are presented as means and s.e.m. Biochemical data were analyzed where noted by Student's t-test and by one-way or two-way analysis of variance (ANOVA) followed by Tukey or Bonferroni's post hoc multiple comparisons tests. For immunocytochemistry data, Student's t-test or twoway ANOVA followed by Bonferroni's post hoc multiple comparison tests were used. The behavioral data were analyzed using two-way ANOVA with the Statistical Package for the Social Sciences, SPSS 21 (IBM North America, New York, NY). Post hoc comparisons were by Bonferroni's corrected pairwise comparisons; in all cases, a Po0.05 was considered statistically significant.
RESULTS
Short-term chronic restraint stress upregulates NF-α1, FGF2 and doublecortin expression in the hippocampus Mice were subjected either to the short-term (1 h per day for 7 days) or long-term chronic restraint stress (CRS; 6 h per day for 21 days) and then assessed for depressive-like behavior~18 h later using the forced swim test. A two-way ANOVA found the treatment (F (1,39) = 34.880, P o 0,001) and the restraint condition by time interaction to be significant (F (1, 39) = 15.519, P o 0.001; Supplementary Figure S1A ). Bonferroni corrected pair-wise comparisons observed that while immobility times in the shortterm restraint-stressed mice were not significantly different from that of the 7-day non-stressed animals, long-term restraint-stress augmented immobility time relative to the 21-day non-stressed control (Po 0.001).
After the short-term CRS, the hippocampi of the mice were analyzed by western blot. Figure 1a shows the protein levels of NF-α1 and FGF2 in the CRS-treated and naïve mice. Quantification of the bands (Figure 1b ) reveals that NF-α1 and three forms of FGF2 (24, 21 and 17 kDa isoforms) were significantly increased in the stressed compared with the naïve mice (NF-α1: P o 0.01; 24 kDa FGF2: P o0.01; 21 kDa FGF2: Po 0.01; 17 kDa FGF2: Po 0.05). Analysis of doublecortin (DCX) mRNA in the hippocampus, as a quantitative indicator of immature neurons in the SGZ, showed a significant increase (P o0.05) in the stressed mice compared with the naïve mice ( Figure 1c ). In the cortex, which did not show an increase in NF-α1 expression after short-term CRS, there was no increase in FGF2 expression in any of the isoforms (Supplementary Figure S2) .
In contrast, after long-term CRS (6 h per day for 21 days), mice showed more immobility in the forced swim test compared with control animals (Supplementary Figure S1A) , indicative of depressive-like behavior. Western blot analysis and quantification (Figures 1d and e ) revealed a significant decrease in NF-α1 protein (P o 0.05) and 21-kDa (P o 0.05) and 24-kDa FGF2 (P o0.05) in the hippocampus of these mice relative to naïve controls. The 17-kDa FGF2 also showed a decrease after long-term CRS, although not statistically significant due to one outlier point that was 42 s.d. from the mean, which when excluded yielded significance (P o 0.05; n = 4; Figure 1e ). These western blot results demonstrate a coordinate regulation between NF-α1 and FGF2 in the hippocampus and this correlates with the depressive-like phenotype in mice after restraint-stress.
Genetic ablation of NF-α1 in mice leads to the depletion of FGF2 in hippocampus and depressive-like behavior To investigate the link between NF-α1 and FGF2 protein expression and in vivo depressive-like behavior, the genetically ablated NF-α1-KO (previously known as CPE-KO) mouse model was studied. 35 NF-α1 and FGF2 proteins were analyzed in the hippocampus of WT, HET (NF-α1-HET) and homozygous mutant (NF-α1-KO) mice. 35 As expected, the levels of NF-α1 were undetectable in the NF-α1-KO animals, whereas the HET mice showed reduced levels compared with WT mice (t-test Po0.05; Figure 2a , top and b). Analysis of FGF2 revealed that the 24 -kDa isoform was greatly reduced in the hippocampus of HET and barely detectable or undetectable in NF-α1-KO mice compared with WT mice (t-test Po0.05 WT versus HET; Figure 2a , middle and b). The 17 -kDa isoform (one-way ANOVA F (2, 15) = 13.66, Po0.05) was also greatly decreased in NF-α1-KO mice relative to WT controls (Bonferroni post hoc test, Po0.05), however while it was decreased also in HET mice, it did not reach statistical significance (Figures 2a and b) . In contrast, the levels of the 21 -kDa FGF2 isoform were not distinguished by genotype (Figures 2a and b ). Immunohistochemical analysis of FGF2 in 6-week-old WT and NF-α1-KO hippocampus showed that immunoreactive (IR) staining localized primarily to three areas: the fasciolarum cinereum (Supplementary Figure S3) , and the CA1 and CA2 hippocampus (Figure 2c ), which were semi-quantitatively analyzed for FGF2 immunostaining in 6-, 14-and 30-week-old mice ( Supplementary Table S1 ). There was no detectable difference in FGF2 expression between males and females for either genotype ( Supplementary Table S1 ); however, the distribution and the intensity of the FGF2 IR were lower in the NF-α1-KO compared with WT mice in each age group. Detailed imaging analysis of 6-weekold mice showed that the total FGF2 IR in the hippocampus of NF-α1-KO mice was reduced by 50% (Po0.05, Figure 2d ). Imaging analysis of 30-week-old mice (Supplementary Figure S4) revealed reduction in FGF2 IR in 2 KO mice compared with WT mice, whereas the other two out of the four NF-α1-KO mice studied at this age showed no detectable levels of FGF2 (Supplementary Table 1 ).
We then assessed the depressive-like behavior of NF-α1-KO mice using the sucrose preference test. 32 NF-α1-KO mice had a significantly decreased preference for sucrose compared with WT mice (WT, 82.7 ± 1.3% sucrose preference, n = 8; KO, 77.3 ± 2.9% sucrose preference, n = 6, t-test P o0.05), indicating that the KO mice were experiencing anhedonia. To further confirm depressivelike responses in NF-α1-KO mice, and ascertain whether FGF2 treatment could rescue this behavior, animals were administered vehicle or 5 ng g −1 -FGF2 (s.c.) for 30 consecutive days and were tested in the forced swim test at the end of this time. A two-way ANOVA revealed significant main effects of genotype (F (1, 30) = 9.135, Po 0.005) and treatment (F (1, 30) = 9.221, P o 0.005) and a significant genotype by treatment interaction (F (1, 30) = 17.557, P o0.001; Figure 3a ). Bonferroni corrected pair-wise comparisons found that between the vehicle-treated mice, NF-α1-KO mice had higher levels of immobility than the WT littermates (P o 0.001). Importantly, although FGF2 treatment did not affect WT performance, it significantly reduced immobility time in the NF-α1-KO mice relative to their vehicle controls (P o 0.001) and this level of immobility was not different from those of the WT vehicle or WT FGF2 controls. To demonstrate that the effects of FGF2 were specific for depressive-like behaviors and were not due to a general increase in motor activity, locomotor activity was examined in the open field. The 30 consecutive days of FGF2 treatment was found to decrease locomotion in the open field in both genotypes (Supplementary Figure S11 ; two-way ANOVA: genotype F (1,33) = 6.623, P o 0.015; treatment condition F (1, 33) 7.900, Po 0.009; the interaction was not significant). Hence, the FGF2induced decrease in immobility time (viz, increased struggle activity) in forced swim cannot be attributed to a reduction in general motor activity.
Given that the NF-α1-HET mice also showed a substantial decrease of FGF2 (sum of 24 +17 kDa isoforms), compared with the WT controls (Figures 2a and b) , we subjected these animals to the forced swim test. These HET mice showed significantly more immobility than the WT littermates ( Supplementary Figure S1B , Po 0.05), indicative of depressive-like behavior in the HET animals.
FGF2 treatment of NF-α1-KO mice increases neurogenesis in the dentate gyrus As FGF2 administration rescued depressive-like behavior in NF-α1-KO mice, we investigated neurogenesis in the dentate gyrus of the FGF2-treated NF-α1-KO mice. We first compared the number of neuroprogenitor cells and immature neurons in the SGZ of WT versus NF-α1-KO mice, using the markers SOX2/GFAP and DCX, respectively. Analysis of SOX2 in the SGZ, a marker for neuroprogenitors, revealed no significant difference in the number of SOX2/GFAP-positive cells between WT and NF-α1-KO mice (Supplementary Figure S5 ). For DCX analysis (Figures 3b i-iv and c), a two-way ANOVA revealed significant main effects of genotype (F (1, 10) = 5.237, P o 0.05) and treatment (F (1, 10) = 8.551, Po 0.05), and a significant genotype by treatment interaction (F (1, 10) = 5.093, P o 0.05). Bonferroni post hoc analyses determined that vehicle-treated NF-α1-KO mice had significantly (P o0.05) fewer DCX immunoreactive cells (immature neurons) in the SGZ compared with the vehicle-treated WT mice (Figure 3c ). However, after FGF2 administration, the numbers of DCX-positive cells in NF-α1-KO mice increased to a level similar to those of the WT controls; FGF2 treatment was without effect in WT mice (Figure 3c ). Analysis of DCX mRNA derived from the hippocampi showed a significant increase in DCX mRNA in the NF-α1-KO mice treated with FGF2 compared with the NF-α1-KO control mice ( Supplementary Figure S6) , demonstrating a high level of correspondence between DCX mRNA expression and immature neuron numbers in the SGZ in the NF-α1-KO mice. Thus, concomitant with the rescue of depressive-like behavior in NF-α1-KO mice, there was a significant increase in neurogenesis in the SGZ of the dentate gyrus of these mice. In addition, FGF2 also promoted proliferation of cells in the SGZ as evidenced by an show expression of NF-α1 and FGF2 protein in the hippocampus of wild-type (WT), heterozygous (HET) and NF-α1-knockout (KO) mice. There was a significant decrease in NF-α1 and FGF2 (24 kDa) and no significant difference in FGF2 (17 kDa isoform) in HETs versus WT mice. NF-α1-KO mice showed a complete absence (ND, not detectable) of NF-α1, whereas the 24 -kDa FGF2 was barely detectable; the 17 -kDa FGF2 was decreased, but 21-kDa FGF2 was still present (b). n = 6 per group; the values are the mean ± s.e.m., (one-way ANOVA, Bonferroni corrections for 21 and 17-kDa FGF2 groups and t-test for NF-α1 and 24 -kDa FGF2 groups as these proteins were undetectable, or cannot be reliably quantified (denoted by #), respectively, in KO mice). *P o0.05. increase in Ki-67 immunopositive cells after FGF2 treatment (Supplementary Figure S7 ).
NF-α1 upregulates FGF2 expression in primary hippocampal neurons via the ERK-Sp1 signaling pathway
To investigate th cell biological mechanism by which NF-α1 might upregulate FGF2 expression, we treated cultured hippocampal neurons with recombinant NF-α1/ CPE (400 nM) for 1, 3 or 6 h. A one-way ANOVA found a significant time effect (F (3, 8) = 55.69, P o0.001) where this treatment resulted in a 3.5 to 4-fold increase in FGF2 mRNA at 3 (P o0.05) and 6 h (P o0.05), respectively (Figure 4a ). This increase in FGF2 mRNA occurred also in the presence of GEMSA, a specific and potent inhibitor of CPE enzymatic activity (Figure 4b ; one-way ANOVA, treatment effect: F (2, 9) = 26.97, P o 0.001; P o0.05 from the vehicle-control), indicating that this action on FGF2 mRNA was independent of CPE enzymatic activity. Importantly, NF-α1 treatment did not increase mRNA levels of another member of the FGF family, FGF1 (Figure 4c ). Western blot analysis of hippocampal neuronal cell lysates showed the levels of the three isoforms of FGF2 protein (24, 21 and 17 kDa) were increased with NF-α1 treatment (Figures  4d and e; t-test, Po 0.01 for total FGF2 proteins), consistent with that observed in vivo. Interestingly, although the 24-kDa isoform was detectable in the secretion medium after NF-α1 treatment, the 21-and 17-kDa forms were not (Figure 4d, right) .
On the basis of previous results, 21 we analyzed the effects of the ERK and Akt inhibitors (U0126 and LY294002, respectively) on the NF-α1-induced increase in FGF2 expression. A one-way ANOVA reported a significant effect of treatment (F (5, 12) = 63.84, Po0.001). Addition of NF-α1 to the neurons for 3 h increased FGF2 mRNA by approximately fourfold (Figure 4f ; post hoc, P o0.05), consistent with that shown in Figure 4a . However, this increase was prevented by pretreatment with the ERK inhibitor, U0126 but not by the Akt inhibitor, LY294002 (ps o0.05 from the vehicle and U0126 groups; Figure 4f ). NF-α1 induction of FGF2 expression was prevented by actinomycin D, a suppressor of DNA transcription (Figure 4g ; one-way ANOVA, treatment effect: F (3, 8) = 70.34, P o0.001; ps o0.05 from the vehicle, NF-α1-Act D, and Act D groups), indicating that this induction occurred through enhanced transcription rather than by RNA stability. As the FGF2 promoter contains Sp1-binding sites, 36, 37 we investigated whether Sp1 could mediate the NF-α1-induced the upregulation of FGF2 mRNA expression, using the Sp1 inhibitor, mithramycin A (Mit A). Figure 4h shows that the NF-α1-induced increase in FGF2 mRNA was prevented by Mit A (one-way ANOVA; treatment effect: F (3, 12) = 52.23, P o 0.001; ps o0.05 from the vehicle, NF-α1 -Mit A and Mit A groups), indicating that Sp1 mediated the transcription of FGF2. In addition, treatment of hippocampal neurons with NF-α1 promoted the transport of Sp1 from the cytoplasm to the nucleus (Supplementary Figure S8 ; P o 0.01).
Rosi, a PPARγ agonist, upregulates NF-α1 and FGF2 expression in hippocampal neurons and neurogenesis in mice
Our findings suggest that a pharmacological approach to stimulate the NF-α1 and FGF2 expression and the neurogenesis pathway could represent a potential new approach for treating depressive-like responses. Here we tested the effect of Rosi, a PPARγ agonist with antidepressant action, 28, 29, 38 on NF-α1 and FGF2 expression and neurogenesis in hippocampal neurons and in Rosi-fed mice, respectively. The rationale for these studies was that PPARγ regulates NF-α1/CPE expression in marrow mesenchymal stem cells 39 and that bioinformatic analysis revealed several putative PPARγ response elements (PPRE) in the promoter region of mouse, rat and human NF-α1/CPE gene (Supplementary Figure S9) . Figure 5a shows that in neurons transfected with (Figures 5b and c) . This result indicates that Rosi upregulates FGF2 expression in a NF-α1-dependent manner. In mice fed for 3 weeks a chow supplemented with Rosi, there was an increase in hippocampal NF-α1 (t-test, P o0.05) and DCX mRNAs (t-test, P o 0.05), indicative of enhanced neurogenesis compared with control mice (Figures 5d and f) . FGF2 mRNA levels showed no difference between Rosi and the control group after 3 weeks of Rosi administration (Figure 5e ).
DISCUSSION
Prolonged chronic stress leads to MDD in humans and depressivelike behavior in animal models. 8 This is accompanied by changes such as apical dendrite retraction and neurodegeneration in the hippocampus. 40 However, with short-term chronic stress of 7 days, there is resistance to the onset of depressive-like behavior; despite this fact, levels of corticosterone are elevated to the same extent as in prolonged stress in mice. 8 How the brain develops protection against chronic stress-induced depressive-like behavior to maintain allostasis is not fully known.
Here we have shown that NF-α1-mediated upregulation of hippocampal FGF2 and neurogenesis prevents an onset of chronic stress-induced depressive-like behavior. Moreover, our results suggest that this mechanism can be induced pharmacologically with Rosi, the PPARγ agonist that is clinically used to treat diabetes (see model in Figure 6 ). The basis for the current studies initially evolved from our previous findings that NF-α1/CPE is increased in the hippocampus of mice subjected to short-term 7-day CRS, in part through glucocorticoid activation of the glucocorticoid regulatory element on the NF-α1/CPE promoter. 30 Further support came from our preliminary gene array experiments showing that NF-α1/CPE treatment of cultured hippocampal neurons induced the expression of a member of the FGF family, FGF 4 (Supplementary Figure S10 ) with subsequent studies showing the upregulation of FGF2, but not BDNF. 21 Both NF-α1 and FGF2 are spatially and functionally linked not only because their expression overlaps in the CA1-3 pyramidal neurons of the hippocampus, but also because NF-α1 can act as a neurotrophic factor in an autocrine/paracrine fashion to upregulate FGF2 expression ( Figure 3) . Also, there is a concomitant increase of NF-α1 and FGF2 in the hippocampus of mice subjected to short-term CRS (Figures 1a and b) suggestive of a dynamic link in vivo. Our cell biological studies using cultured hippocampal neurons treated with purified recombinant NF-α1 indicated a direct effect of NF-α1 in driving FGF2 expression. This regulation involves the NF-α1-activated ERK signaling pathway (Figure 4f ), followed by translocation of the transcription factor Sp1 from the cytoplasm into the nucleus (Supplementary Figure S8) , resulting in an increase in transcription of FGF2 mRNA (Figure 4g ) and translation to several isoforms (24, 21 and 17 kD) of the FGF2 protein (Figures 4d and e ). The 24-kDa isoform was secreted from hippocampal neurons into the medium, similar to that observed from cardiac non-myocytes; 41 however, the 21 and 17 -kDa isoforms were not detected in the medium. Although we could not detect the 17-kDa FGF2 isoform by western blot in the medium, possibly because the levels were too low, this isoform is known to be preferentially exported from cells. 42, 43 All three isoforms are derived from a single RNA, found in rodent and human brain. They are differentially expressed during development and after experimental interventions, and they have various neurotrophic effects. 42, [44] [45] [46] The mice after short-term CRS exhibited an increase in neurogenesis in the hippocampus as shown by the increase in DCX mRNA, a specific marker of immature neurons (Figure 1c ). Numerous reports indicate that neurogenesis in the SGZ mitigates antidepressive effects, although not in all cases, depending upon the stress paradigm. 27 Thus, our data have demonstrated that short-term CRS increases NF-α1, which then drives the upregulation of FGF2 expression and neurogenesis in the SGZ to prevent the onset of depressive-like behavior ( Figure 6 ). In contrast, with prolonged CRS (6 h per day) for 21 days, there was a significant decrease in NF-α1 concomitant with reduced FGF2 levels in the hippocampus (Figures 1d and e ), and these effects were related to the onset of depressive-like behavior in these mice ( Supplementary Figure S1A, Figure 6 ). Other investigators have also reported that prolonged chronic stress in rats and mice reduces FGF2 in the hippocampus, leading to depressive-like behavior, 19 although the mechanism or upstream regulator responsible for the downregulation of FGF2 expression was not identified. The decreased expression of NF-α1 in vivo may, in part, be caused by prolonged glucocorticoid exposure. It is well known that glucocorticoids show biphasic effects in the nervous system with stress, resulting in neuronal survival or damage depending on the dose and duration of time exposed. 47 Indeed, ex vivo experiments in hippocampal neurons and pituitary cells in culture have shown that dexamethasone can increase or decrease NF-α1/ CPE expression. 30 In addition, we have shown that NF-α1 is a neuroprotective molecule 21 and stressing NF-α1-KO mice leads to neurodegeneration in the hippocampus. 26, 34 Hence, decreased NF-α1 after prolonged CRS could lead to continuous neuronal changes including neuronal degeneration as reported by others. 48 Our study indicates that a critical elevated level of hippocampal NF-α1 is required to drive FGF2 expression to prevent the onset of depressive-like behavior during short-term CRS. Thus, NF-α1 is a key factor in the transition from the non-depressive to the depressive state associated with short-and long-term CRS, respectively.
Further evidence that NF-α1 has a pivotal role in antidepressivelike activity is based on our studies using the NF-α1-KO mice. Mice deficient in NF-α1 showed overall decreased levels of FGF2 in the CA1 and CA2 hippocampus and in the fasciolarum cinereum. Consistent with other rodent models of depression that have reduced FGF2 levels, the NF-α1-KO mice exhibited depressive-like behavior as demonstrated by the sucrose preference test and enhanced immobility in the forced swim test (Figure 3a ), a behavior that was completely rescued after daily peripheral injections of recombinant human 17-kDa FGF2 for 30 days. This peripherally injected FGF2 most likely acts centrally as FGF2 can cross the blood-brain barrier. 49, 50 However, we cannot exclude the possibility that it may also contribute to the alleviation of the depressive-like behavior by activating immune cells to release cytokines, such as interleukin 10, which has been reported to ameliorate depressive symptoms in mice and is decreased in humans diagnosed with MDD. 8, 51, 52 Another interesting finding is that the 24 and the 17 -kDa isoforms of FGF2 were virtually absent, but not the 21-kDa (Figures 2a and b) isoform, in the NF-α1-KO mice, providing supporting evidence for a functional connection between NF-α1 and the 24 and 17-kDa FGF2 isoforms and antidepressive activity. In addition, NF-α1-HET mice showing decreased 24 and 17 -kDa FGF2 levels, but not reduced 21-kDa FGF2 compared with WT mice, also displayed depressive-like behavior, further supporting the importance of these two FGF2 isoforms for protection from depression.
Neuroprogenitor numbers were similar between WT and NF-α1-KO mice (Supplementary Figure S5 ), but the latter showed fewer immature neurons. However, peripheral administration of FGF2 to the NF-α1-KO mice led to increased neurogenesis (Figures 3c and  d ) and cell proliferation (Supplementary Figure S7) in the dentate gyrus. This increased neurogenesis could be the result of increased differentiation of stem cells to progenitors, increased rate of proliferation and/or increased survival of progenitors mediated by FGF2. FGF2's effects on cell proliferation may not be limited to neurons, but may include glial cells, which have been shown to have an effect on depressive-like behavior. 20 Indeed, peripheral administration of FG2 to rats is reported to promote the generation of new neurons and astrocytes in the hippocampus which may decrease anxiety behavior. 53 Consistent with the literature, this increase in neurogenesis can mitigate the depressive-like behavior in the NF-α1-KO mice after FGF2 treatment. [54] [55] [56] It is also interesting that the peripheral administration of FGF2 for 30 days did not enhance neurogenesis or cell proliferation in the SGZ of WT mice, suggestive of a homeostatic mechanism that prevents excessive neuronal differentiation or cell proliferation which might lead to abnormal pathology. This finding is noteworthy when developing antidepressants that stimulate FGF2 biosynthesis in the brain.
Finally, our studies suggest that developing drugs that upregulate NF-α1 expression, which in turn induces FGF2 expression and neurogenesis in the hippocampus, is a potentially useful therapeutic approach for treating depression. Our analysis of the cpe/NF-α1 promoter (Supplementary Figure S9) identified putative binding sites for PPARγ, a nuclear receptor and adipocyte-specific Figure 6 . Model depicting role of NF-α1 in anti depressive activity during stress. a Long-term chronic stress leads to loss of NF-α1 and FGF2 in the hippocampus and depressive-like behaviors, that can be b rescued by peripheral administration of FGF2. c Short-term chronic stress leads to an increase in NF-α1 expression in the hippocampus, which d upregulates FGF2 expression to promote neurogenesis and prevent depressive-like responses. e Rosi upregulates NF-α1 expression, which in turn drives FGF2 expression in the hippocampus. e Mice lacking NF-α1 have diminished FGF2 levels in the hippocampus and exhibit depressive-like behavior that can be rescued by FGF2. 'a' indicates this study, 'b' indicates the study by Turner CA et al. 6 and Elsayed M et al. 20 'c' indicates this study and Murthy SR et al. 30 and 'd-f' indicates this study. transcription factor, for which Rosi is a potent agonist. Rosi (Avandia), which belongs to the thiazolidinediones class of drugs, has been used to treat diabetes and more recently it has been found to reverse the depressive-like behavior found in db/db diabetic mice. 38 In addition, rats given Rosi in their diet also show reduced depressive-like behavior in the forced swim test. 28 Similarly, in a pilot study of patients with insulin resistance and unipolar or bipolar depression, treatment with Rosi demonstrated a significant decline in the severity of depression prior to the antidiabetic actions of the drug. 29 Indeed, it has been previously demonstrated that Rosi can influence the levels of PPARγ in neurons and that this interaction is at least partially responsible for antidiabetic effects of thiazolidinediones. 57 Our study has demonstrated that Rosi treatment of hippocampal neurons increased FGF2 in a NF-α1-dependent manner, and that Rosi-fed mice showed increased expression of NF-α1 and enhanced neurogenesis as evidenced by increased DCX mRNA expression in the hippocampus ( Figure 5 ). Although we observed an increase in FGF2 mRNA with Rosi treatment ex vivo, we did not detect an increase in FGF2 in vivo in mouse hippocampus. It is possible that over a 3-week period of Rosi administration, hippocampal FGF2 mRNA expression may have been upregulated and then returned to baseline levels once neurogenesis has been induced, especially as the mice were not subjected to CRS. Our findings suggest a mechanism by which Rosi can reduce depressive-like behaviors in certain strains of diabetic mice and in humans through activation of the NF-α1-FGF2 pathway in the hippocampus in vivo. This observation raises the possibility that pharmacological agents, such as Rosi, can activate the NF-α1-FGF2 pathway to increase neurogenesis and it may offer an alternative approach to drugs that primarily target monoaminergic systems which are not always efficacious for treating MDD in some patients. 27 Indeed, a strategy to enhance neurogenesis to treat anxiety disorders, which can be comorbid with depression has previously been proposed, but no drug which accomplishes this effect has been reported. 58 In conclusion, our study has identified NF-α1 as a key regulator of the onset of depressive-like behavior. We have determined that NF-α1 exerts a preventive effect on depressive-like behavior and this occurs through the hippocampal-adrenal axes to establish allostasis after short-term CRS by enhancing FGF2 expression and neurogenesis in the SGZ. Reduction of FGF2 with prolonged CRS or the absence of NFα-1 as in the NF-α1-KO mouse results in the downregulation of hippocampal FGF2 expression, leading to the development of depressive-like behavior, which can be rescued by peripheral administration of FGF2. Thus, our study has elucidated a new physiological NF-α1-FGF2 pathway that is activated in the hippocampus during stress to prevent the onset of depressive-like behavior. Finally, our identification of Rosi, a drug that functions by activating the NF-α1-FGF2 pathway to enhance neurogenesis and normalize depressive-like behavior, provides a proof-of-concept for a new approach as an alternative to traditional monoamine-based antidepressants for treating MDD and other related disorders.
